The efficacy of transgenic cotton genotypes containing Cry1Ac, Cry1F, and Cry1Ac stacked with Cry1F (WideStrike®, Dow Agrosciences, Indianapolis, IN) were investigated during 2001-2003 against the beet armyworm, Spodoptera exigua (Hübner) (=BAW), and the fall armyworm, Spodoptera frugiperda (J. E. Smith) (=FAW), in laboratory bioassays and small experimental field plots. In all experiments, cotton containing Cry1F was more toxic to BAW and FAW larvae compared to cotton containing only Cry1Ac. In the majority of experiments, the addition of Cry1Ac to the Cry1F genotype had no increased effect on efficacy and certain biological parameters against BAW and FAW larvae compared to cotton containing only Cry1F. Furthermore, the presence or absence of an additive, synergistic, or antagonistic effect between Cry1Ac and Cry1F was not observed in these field and laboratory experiments.
Since the first Cry1Ac Bacillus thuringiensis Berliner (Bt) cotton variety was commercialized in 1996 (Bollgard®, Monsanto Ag. Co., St. Louis, MO), there have been numerous advancements for insect control with transgenic technology. Current and experimental cotton varieties can contain Cry1Ac alone or they can be stacked with Cry2Ab (Bollgard® II, Monsanto Ag. Co.) or Cry1F (WideStrike®, Dow Agrosciences, Indianapolis, IN). Furthermore, a novel exotoxin from B. thuringiensis also is currently in development (VipCot®, Syngenta Crop Protection, Greensboro, NC).
The beet armyworm, Spodoptera exigua (Hüb-ner) (=BAW), is an occasional but serious pest of various vegetable and row crops in the mid-southern United States of America (=Mid-South). Compared to other North American armyworm species, knowledge of the ecology of this pest in the Mid-South is limited. This pest has no known photoperiod or temperature induced diapause mechanism (Kim & Kim 1997) , and it is able to overwinter by continuous generations in southern Florida and Texas. Therefore, initial populations of beet armyworms found throughout the MidSouth are believed to be the result of immigration from those areas (Mitchell 1979; Hendricks et al. 1995) . Populations in the Mid-South are typically found in cotton after July 1, with higher populations on various wild hosts in the fall months (Adamczyk et al. 2003) . Although larval feeding on cotton is primarily concentrated on foliage, larvae can cause devastating losses in yield (Hardee & Herzog 1997; Adamczyk et al. 1998) .
The fall armyworm, Spodoptera frugiperda (J. E. Smith) (=FAW), also is a destructive migratory pest of many crops in the Western Hemisphere (Sparks 1979; Young 1979) . Like the BAW, this pest has the potential to damage both conventional cotton bolls and Bollgard® cotton bolls (Adamczyk et al. 1998) .
Although certain lepidopterous pests of cotton are controlled by Bollgard® cotton [e.g., tobacco budworms and pink bollworms, Pectinophora gossypiella (Saunders)], the Cry1Ac δ -endotoxin in Bollgard® cotton is ineffective for control of BAW and FAW (Adamczyk et al. 1998; Henneberry et al. 2001) . Consequently, outbreaks of BAW and FAW on Bollgard® often need full application rates of foliar insecticide treatments to keep these populations below economic injury levels (Hood 1997; Smith 1997) . Efficacy data for BAW and FAW feeding on Bollgard II® is mainly limited to laboratory bioassays and small experimental field plots. However, the addition of Cry2Ab along with Cry1Ac appears to have improved the efficacy of Bollgard II® against both BAW and FAW Stewart et al. 2001) . The purpose of the study was to examine the efficacy of Cry1Ac, Cry1F, and Cry1Ac stacked with Cry1F against BAW and FAW in laboratory bioassays and small experimental field plots. Both species were reared for one complete generation in the laboratory as described by Adamczyk et al. (1998) , and the subsequent generation was utilized in either bioassays or field inoculations.
Field Experiments
Inoculations of BAW egg masses to plants for all varieties were conducted in 2001 and 2002. In the laboratory, egg masses were deposited on nylon cloth placed on the top of adult rearing cages (3.79-liter cardboard containers). For each inoculation, an egg mass of equal size (ca. 200-300 eggs/2.54-cm 2 cloth sample) was stapled to the underside of a mature leaf in all plots. Egg masses were spaced ca. 0.5 m from each other. Each plot received a total of 42 egg masses on July 10-12, 2001 and 56 egg masses on August 1-2, 2002. Eight days after inoculations (DAI), BAW populations were estimated with a standard 1.2-m drop cloth placed in the center row per plot (3 samples/ plot). All recovered larvae within a plot were placed in 232-ml plastic containers and transported to the laboratory and weighed within 1 h after arrival. Prior to analysis, the coefficient of variation for the mean weights and number of larvae among genotypes was substantially improved by a log transformation. Both mean weights and numbers of BAW were analyzed by REML-ANOVA and were separated according to Fisher's Protected LSD (Littell et al. 1996; PROC MIXED, SAS Institute 2001) .
In 2001, a minimum of 15 leaves (i.e., egg masses)/plot that showed evidence of successfully hatched neonates were visually examined after 9 DAI for BAW damage. Leaf damage was estimated with a categorical rating scale where 0% indicated no leaf damage while evidence of leaf consumption was given a value of 10%, 25%, or 50%. Prior to analysis, damage ratings appeared to be normally distributed, and a square-root transformation did not improve the coefficient of variation significantly among genotypes. Therefore, no transformation on this categorical data set was needed. Mean damage ratings were analyzed by REML-ANOVA, and means were separated according to Fisher's Protected LSD (Littell et al. 1996 Tight-Fit Lid sealing Petri dish (50 × 9 mm, BD Falcon® #351006, VWR International). For BAW, 3 larvae were placed in a dish containing a single square (5 dishes/plot) for a total of 120 larvae/genotype. For FAW, a single larva was placed in a dish containing a single square (10 dishes/plot) for a total of 40 larvae/genotype. Four days after exposure (DAE), larvae were prodded with a camel-hair brush and considered alive if coordinated movement was observed. Percent survival of neonates was analyzed by REML-ANOVA, and means were separated according to Fisher's Protected LSD (Littell et al. 1996; PROC MIXED, SAS Institute 2001) .
In 2002, terminal leaves containing various transgenes (Table 1) were assayed for bioactivity against BAW neonates. Individual leaves were placed into a Tight-Fit Lid sealing Petri dish (50 × 9 mm, BD Falcon® #351006, VWR International). Three larvae were placed in a dish containing a single terminal leaf (5 dishes/plot) for a total of 120 larvae/genotype. At 3, 6, and 8 DAE, larvae were prodded with a camel-hair brush and considered alive if coordinated movement was observed. Percent survival of neonates was analyzed by REML-ANOVA, and means were separated according to Fisher's Protected LSD (Littell et al. 1996 ; PROC MIXED, SAS Institute 2001).
In 2003, terminal leaves containing only the Cry1Ac/Cry1F genotype (Table 1) were assayed for bioactivity against FAW neonates. A single larva was placed in a dish containing a single square or single terminal leaf (20 dishes/plot) for a total of 160 larvae/genotype. At 4 and 7 DAE, larvae were prodded with a camel-hair brush and considered alive if coordinated movement was observed. Percent survival of neonates was analyzed by REML-ANOVA, and means were separated according to Fisher's Protected LSD (Littell et al. 1996 ; PROC MIXED, SAS Institute 2001).
R ESULTS AND D ISCUSSION Field Experiments
Experimental cotton genotypes had differential affects on the survival of BAW larvae (Table  2 ). In 2001, the mean number of BAW larvae was significantly reduced in plots containing Cry1F and Cry1F stacked with Cry1Ac compared to the plots containing Cry1Ac alone or conventional cotton (PSC 355). The mean number of BAW larvae found in plots containing only Cry1Ac was not significantly different from the mean number of larvae found in conventional cotton. Therefore, the addition of Cry1Ac to cotton containing Cry1F had no significant effect in reducing the number of BAW larvae found in plots containing both these transgenes. However, in 2002 all transgenic cotton genotypes had significantly reduced mean BAW larval numbers as compared to the mean number of BAW larvae found in conventional cotton. Unlike 2001, cotton containing only Cry1Ac had significantly reduced BAW larval numbers as compared to the mean number of BAW larvae found in conventional cotton. In an adjacent experiment, higher parasitism rates of larvae from (Pierce et al. 1999) .
BAW larvae collected from all transgenic cotton genotypes had significantly lower mean weights as compared to BAW larvae collected from conventional cotton in 2001 and 2002 (Table 3 ). In addition, mean weights of BAW larvae were significantly lower when collected on cotton containing Cry1F as compared to BAW larvae collected from cotton containing only Cry1Ac. As with BAW larval numbers (Table 2), mean weights of BAW larvae collected from cotton containing both Cry1Ac and Cry1F were not significantly different from mean weights of BAW larvae collected from cotton containing only Cry1F for both years.
Leaf damage caused by BAW larvae was significantly lower in all transgenic cotton genotypes compared to conventional cotton in 2001 (Table  4) . As with BAW larval weights ( (Littell et al. 1996; SAS Institute 2001) . Means were log-transformed prior to analysis.
not significantly different among the genotypes with Cry1F alone and Cry1F stacked with Cry1Ac.
Bioassays
Similar trends in larval survival on the various cotton structures from the different genotypes (Table 1) were found in the laboratory. The addition of Cry1Ac to the Cry1F genotype did not significantly reduce BAW or FAW larval survivorship when fed cotton squares compared to squares containing only Cry1F (Table 5 ). For both BAW and FAW, only squares that contained Cry1F significantly decreased larval survivorship compared to conventional cotton. This same trend was observed for BAW neonates fed cotton terminal leaves (Table 6 ). Survival of FAW larvae in 2003 was significantly lower when fed squares and terminal leaves of cotton containing both Cry1Ac and Cry1F than conventional cotton (note that Cry1Ac and Cry1F alone genotypes were not tested in 2003) ( Table 7) .
The Cry1F transgene apparently contributed more to total toxicity than the cry1Ac transgene in the Cry1Ac/Cry1F genotype (=WideStrike®) against BAW and FAW larvae. Luo et al. (1999) used a diet bioassay containing purified Cry1Ac or Cry1F and showed that Cry1F was >10 × more toxic than Cry1Ac against BAW and FAW larvae. In Bollgard II®, the cry2Ab transgene is expressed throughout the plant at much higher levels than Cry1Ac (Greenplate et al. 2003) . However, on an equal dose basis, Cry2Ab is more toxic against the soybean looper, Pseudoplusia includens (Walker), than Cry1Ac, while Cry1Ac is more toxic against the bollworm, H. zea (Sims 1997) . Therefore, differences between toxicity of cry1Ac and Cry1F transgenes to BAW and FAW could be due to a higher titer of Cry1F in the plant compared to Cry1Ac, inherent toxicity differences between the two transgenes, or possibly a combination of both. However, the presence or absence of an additive, synergistic, or antagonistic effect between Cry1Ac and Cry1F was not observed in these field and laboratory experiments. Insuring that both transgenes provide dual protection against key lepidopterous pests is crucial for resistance management to transgenic crops (Gould & Tabashnik 1998) .
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1 Days after exposure to leaves. Means in a column followed by the same letter are not significantly different (α = 0.05); Fisher's Protected LSD option of PROC MIXED (Littell et al. 1996; SAS Institute 2001) .
1 Days after exposure to squares or leaves.
